Discrepant events, analogies, and student generated explanations have been used to foster conceptual change in science. We will describe research on a method of teaching electric circuits that uses all of these strategies to promote different aspects or stages of conceptual change. The organizing framework is a model construction cycle of generation, evaluation and modification. We will analyze a case study of a student in a tutoring experiment using this approach, concentrating on moments of surprise that motivate conceptual change. Most surprises come from discrepant events, but one appears to originate in a sensed lack of coherence in the existing model. The student appears to construct a model that generates coherent explanations of fairly complex circuits. The use of similar depictive hand motions during instruction and while working on a posttest transfer problem suggest that the instruction promoted development of a dynamic mental model which can generate simulations for understanding transfer problems.
The problem.
Research on discrepant events in the seventies did not provide sufficient strategies for how a new conception is to be built up after the limitations of the old conception are exposed. Subsequent work on the "building up" side of conceptual change has focused on the transfer of critical causal relationships from an analog domain to the target domain. Working with electric circuits as the target domain, Johsua and Dupin (1987) found that discrepant events alone are largely ineffective in overcoming alternative conceptions, but that coordinating the events with a "train on the tracks" analogy --representing the same current everywhere --can produce greater success. Depending on a single analogy can be problematic, however, because the analogy might be too different from or not as complex as the target conception, so that its usefulness may be limited. White (1989) , Steinberg at al (1995) , and Niederrer and Goldberg (1996) have attempted to remedy this difficulty by using more refined models that go beyond a single analogy.
Research design.
The tutoring study discussed in this paper uses teaching strategies from an electricity curriculum called CASTLE, developed by a team of teachers and researchers led by Steinberg (1995) , which employs discrepant events and analogies to foster step-wise model construction. It is assumed that constructing a powerful model in a domain
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with so many concepts and so few perceivable clues about what is happening requires passing through a series of more and more complex qualitative models, rather than relying on a single analogy. Possible negative effects of discrepant events on morale are minimized by choosing steps that disequilibrate only one concept at a time. Students are led to probe the limitations of each modeling step, and to search for a way to improve the model when a weakness is found. This is a process that emulates model construction in scientific research (Nersessian, 1990) .
Conventional approaches to electricity instruction in physics courses start with electrostatic attraction and repulsion, and quickly introduce a mathematical description of distant action based on two kinds of charge. The potential difference concept, which is key to effective analysis of electric circuits, is introduced as a mathematical construct (typically involving an integral over a vector force or vector field function). The approach that we will describe takes pains to first invent an imageable conception of electric potential in conducting matter, based on an analogy to pressure in compressed air which is compelling for most students. Comparative data submitted to funding agencies (National Science Foundation and U.S. Department of Education) suggest the curriculum is more effective than conventional approaches in developing a robust model of current propulsion in circuits.
It is hard to track specific learning processes when multiple strategies are being used amidst the distractions of school settings. The present study is able to track more reliably by focusing on conceptual change in a single student who is thinking aloud while learning. We will discuss in detail the first four stages of model construction by a single student who invented "pressure" in a compressible electric fluid --a prototype conception of electric potential in conducting matter --as the causal agent of current propulsion in circuits. This type of study can be useful for generating grounded hypotheses about learning processes that have significant plausibility and are worth investigating in larger samples.
Procedure and analysis.
The data base for this study is a set of videotaped tutoring interviews with "Susan", a 16 year old student who had taken a course in chemistry but none in physics. In her first session Susan was asked to think aloud while completing a pretest on electric circuits. She did this also with an identical posttest. There were five intervening tutoring sessions lasting 80 to 120 minutes each, in which Susan was asked to think aloud as she set up circuits, performed experiments, explained observations, solved problems, reacted to comments by the tutor, and color coded circuit diagrams for "pressure" (electric potential) values in the conducting components. To generate hypotheses about learning processes and resulting understandings developed by the student, the analysts went through their own cycles of model generation, criticism and revision. This procedure has been discussed by Clement (in press).
Results.
The subject exhibited four major surprises during the tutoring sessions. Three came from discrepant events, while one was generated internally. She appears to construct a model that generates coherent explanations of fairly complex circuits. Using similar depictive hand motions during instruction and while working on a posttest transfer problem suggest that the instruction promoted development of a
